We have previously described the use of homologous recombination and CRE-loxP-mediated marker recycling to generate mouse embryonic stem (ES) cell lines homozygous for mutations at the Msh3, Msh2, and both Msh3 and Msh2 loci (2). In this study, we describe the analysis of these ES cells with respect to processes known to be affected by DNA mismatch repair. ES cells homozygous for the Msh2 mutation displayed increased resistance to killing by the cytotoxic drug 6-thioguanine (6TG), indicating that the 6TG cytotoxic mechanism is mediated by Msh2. The mutation rate of the herpes simplex virus thymidine kinase 1 (HSV-tk1) gene was unchanged in Msh3-deficient ES cell lines but markedly elevated in Msh2-deficient and Msh3 Msh2 doublemutant cells. Notably, the HSV-tk1 mutation rate was 11-fold higher, on average, than that of the hypoxanthineguanine phosphoribosyl transferase (Hprt) locus in Msh2-deficient cells. Sequence analysis of HSV-tk1 mutants from these cells indicated the presence of a frameshift hotspot within the HSV-tk1 coding region. An increasing volume of data supports a model of action of these three mammalian MutS homologues. In humans, the MSH2 protein forms heterodimeric complexes with both MSH6 and MSH3. These heterodimers are known as MutSalpha (MSH2-MSH6) and MutSbeta (MSH2-MSH3) (13, 25) . In combination with other DMR proteins, MutSalpha functions in the repair of single base mismatches and small I/D heterologies, whereas MutSbeta repairs larger I/D heterologies. Thus, MSH2 is critical for the repair of all mismatched lesions in mammals, whereas MSH6 and MSH3 modulate the function of MSH2 by providing specificity for different lesion types (44).
Msh2, Msh3, and Msh6 are mammalian homologues of the bacterial DNA mismatch repair (DMR) mutS gene involved in the repair of base pair mismatches and insertion-deletion (I/D) heterologies (15) . These DNA lesions arise in the genome through a number of mechanisms, including replication errors and recombination between diverged sequences (homeologous recombination) (16) .
An increasing volume of data supports a model of action of these three mammalian MutS homologues. In humans, the MSH2 protein forms heterodimeric complexes with both MSH6 and MSH3. These heterodimers are known as MutSalpha (MSH2-MSH6) and MutSbeta (MSH2-MSH3) (13, 25) . In combination with other DMR proteins, MutSalpha functions in the repair of single base mismatches and small I/D heterologies, whereas MutSbeta repairs larger I/D heterologies. Thus, MSH2 is critical for the repair of all mismatched lesions in mammals, whereas MSH6 and MSH3 modulate the function of MSH2 by providing specificity for different lesion types (44) .
Mutations in these DMR genes lead to genomic instability in bacteria, yeast, and mammals by affecting a number of cellular processes. Msh2 and Msh6 mutations lead to an increase in the accumulation of spontaneous mutations, also known as a mutator phenotype, due to the lack of repair of mismatches and I/D heterologies that arise as errors during replication (5, 12, 18) . Overexpression of MSH3 also leads to a mutator phenotype in mammalian cells due to the sequestration of the available MSH2 into MutSbeta heterodimers, leading to a functional loss of MutSalpha activity (9, 22) .
Mutations in Msh2, Msh6, and Msh3 also result in instability of the size of simple sequence repeats or microsatellites (24, 26, 37, 41) . This instability is thought to occur due to the lack of repair of DNA polymerase slippage products that arise during the replication of these highly repetitive sequences. Microsatellite instability in certain human tumors was a critical clue to the identification of the involvement of DMR genes in cancer and has since been used to demonstrate their involvement in familial cancer syndromes as well as in sporadic tumors (1, 12, 18, 28, 37, 43) . DMR acts as a block to mitotic homeologous recombination, presumably by recognizing and binding mismatches and I/D heterologies that arise in the heteroduplex intermediates of recombination between diverged substrates. Escherichia coli mutS mutants lack the barrier to cross-species recombination with Salmonella typhimurium displayed by the wild-type strains (34) and show increased recombination rates between homeologous loci, leading to duplications of large portions of their chromosome (29) . Thus, the loss of this block to homeologous recombination adds an additional level of genetic instability in DMR mutants. Saccharomyces cerevisiae Msh2 and Msh3 mutants also display increased recombination rates between diverged tandem repeats in their chromosomes (40) . In the S. cerevisiae system, two independent pathways involving MSH2 and MSH3 act as blocks to homeologous recombination (39, 40) . In mammals, Msh2 mutations are known to affect the recombination rates between diverged substrates. Mouse embryonic stem (ES) cell lines homozygous for an msh2 mutation show increased targeting frequencies with constructs derived from nonisogenic sources (6) .
A link between DMR deficiency and the sensitivity to killing by the cytotoxic drug 6-thioguanine (6TG) has been demonstrated (42) . Mammalian cell lines deficient in DMR biochemical activity show increased resistance to killing by 6TG. This indicates that 6TG cytotoxicity is mediated by the DMR system in mammals. Human MutSalpha binds to DNA containing 6TG-induced lesions (46) , and human MSH2 expression has been shown to correlate with the degree of resistance to methylating agents (7).
We have previously described the generation of mouse ES cells bearing single and compound mutations in Msh2 and Msh3. In this study, we have examined the roles of Msh3 and Msh2 in the four cellular processes described above which are known to be affected by DMR mutations in E. coli, S. cerevisiae, and mammalian cells: (i) sensitivity to 6TG cytotoxicity, (ii) mutation rate, (iii) microsatellite stability, and (iv) mitotic recombination. Ϫ/Ϫ ) ES cells have been described previously (2) .
MATERIALS AND METHODS

Msh2-and
Reverse transcriptase PCR (RT-PCR) analysis of Msh3 and Msh2 transcripts.
Two oligonucleotide primers (5Ј-TCCACGGAGCCAGGAGAGA-3Ј and 5Ј-G GGTGGTGAGATGCTACTGAGAT-3Ј) complementary to sequences in the Msh3 cDNA flanking the insertional mutation site in exon 2 (2) were used in PCRs to examine wild-type and mutants Msh3 mRNA transcripts. Control oligonucleotide primers (5Ј-CAGGCTAATCAGAAAGAC-3Ј and 5Ј-ACGACAC CAACGGAAAGG-3Ј) complementary to sequences downstream of exon 2 in the Msh3 cDNA were also utilized. For the analysis of Msh2 mRNA transcripts, two oligonucleotides (5Ј-TGGCCTGGAGAAGAAGATGC-3Ј and 5Ј-ACGTG CCTCGGGAAGTTAGC-3Ј) were used as primers in PCR. These primers are complementary to sequences flanking the predicted deletion mutation in the Msh2 cDNA (2) . In all reactions, 1 g of reverse-transcribed (Superscript RT II first-strand cDNA synthesis kit; Gibco BRL) RNA from the appropriate ES cell lines was used as a template. PCR conditions were as follows: initial denaturation at 94°C for 3 min, followed by 37 cycles of 94°C for 1 min, annealing at 62°C for 1 min, and elongation at 72°C for 1 min. For all reactions, the sequences complementary to experimental and control primers are present in different exons of the Msh3 and Msh2 genomic loci in order to avoid the amplification of DNA fragments of the predicted size from genomic DNA contaminants in the template mixture. Amplification products were electrophoresed through 3% agarose gels containing 100 ng of ethidium bromide per ml and visualized under UV light.
To confirm the nature of amplified products, Southern blots of the appropriate gels were hybridized with oligonucleotide probes radiolabeled by standard methods (38) . For Msh3, an oligonucleotide (5Ј-AAGGTGACAGCAGGAAGAGG TCACTGGGAA-3Ј) complementary to sequence external to the mutation in the Msh3 cDNA and an oligonucleotide (5Ј-CGATAAGCTTGATATCGAATTCG AGCTCGC-3Ј) specific for the insertional mutation were used. For Msh2, two oligonucleotides were used (5Ј-GTGAA TTATCCTCTTTAAATGAAGAATA TA-3Ј and 5Ј-GTCAGCAACCAAAGACTCCTTAATAATCAT-3Ј) complementary to the Msh2 cDNA outside and inside, respectively, of the deletion predicted by the targeted mutation.
Growth rate. Wild-type, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cell lines were plated onto four six-well SNL76/7 feeder plates containing M15 (31) . Then, 10 5 cells were plated onto each 36-mm-diameter well, and the M15 medium was changed as required at the same time for all four plates. Starting 72 h postplating and (continuing every 24 h thereafter, one well from each of the six-well plates was trypsinized and the total number of cells in the well was counted by using a Coulter cell counter.
Low-density colony forming ability. Five hundred or 1,000 wild-type, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cells were plated onto 90-mm-diameter SNL 76/7 feeder plates and allowed to grow for 12 days. Plates were then washed in phosphate-buffered saline (PBS) and stained with 10% methylene blue in 70% ethanol, and the colonies were counted. Plating efficiencies were calculated by dividing the number of colonies obtained by the total number of cells plated.
Transformation efficiency. The ␤-galactosidase reporter construct pPGK␤gal was prepared by alkaline lysis and purified from a CsCl gradient. Then, 20 g was electroporated into wild-type, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cells, and 10 7 cells for each class were plated onto one 90-mm-diameter SNL76/7 feeder plate containing M15. All 48 h after plating, cells were washed in PBS, trypsinized, and fixed by incubating for 10 min in PBS containing 0.5% glutaraldehyde (pH 7.2). After being fixed, cells were washed in PBS and stained overnight in the dark at room temperature on a shaking platform. The staining solution consisted of 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl 2 , and 1 mg of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal). After the staining, the cell solution was diluted and a sample counted by using a hemocytometer. (ii) Targeting pMUT to the mouse Hprt locus. pMUT was prepared by alkaline lysis and purified from a CsCl gradient. NheI was used to cut pMUT within the region of homology to the mouse Hprt locus in order to generate an insertion targeting vector. Ten micrograms of NheI-digested pMUT was electroporated into wild-type, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh3 Ϫ/Ϫ ES cells and 2.5 ϫ 10 6 cells were plated onto 90-mm-diameter SNL76/7 feeder plates containing M15. At 24 h after electroporation, G418 (Gibco-BRL; 180 g of active ingredient per ml) selection was initiated. Five days after electroporation, 6TG selection was started at concentrations of 10 M for wild-type and msh3 Ϫ/Ϫ plates and 100 M for msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ plates. The drug-containing M15 medium was changed as needed for 14 days, after which the colonies were picked and expanded in 96-well plates. Upon passaging, half of the cells in each well were frozen and the other half were plated onto a gelatinized 96-well plate for Southern blot analysis as described earlier (32) . To identify clones in which a single copy of pMUT had targeted the Hprt locus, Southern blots of BamHI-digested genomic DNA from G418/6TG r clones were hybridized to a radiolabeled BamHI-XmnI DNA probe internal to the region of homology in pMUT.
(iii) Fluctuation tests. For HSV-tk1 mutation rates, 8 to 10 individual G418/ 6TG r clones in each class identified by Southern analysis as being targeted at the Hprt locus with a single copy of pMUT were expanded in the presence of G418. Individual clones were then trypsinized and plated (3 ϫ 10 6 to 4 ϫ 10 6 cells for wild-type and msh3 Ϫ/Ϫ cells, 2 ϫ 10 5 cells for msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ cells) onto 90-mm-diameter SNL76/7 feeder plates containing G418. At 24 h after the plating, 1-(2-deoxy-2-fluoro-1-␤-D-arabinofuranosyl)-5-iodouracil (FIAU) selection was applied (0.2 M). Cells were grown in G418-FIAU selection for 12 days, after which single colonies were picked from independent plates for PCR amplification of the HSV-tk1 cassette. The plates were then stained with methylene blue, and the colonies were counted. Mutation rates were calculated according to the method of Luria and Delbruck (20) . In calculating all mutation rates, the number of drug-resistant clones was not adjusted for the plating efficiency of the particular cell line (see results of low-density plating efficiency below). The plating efficiency of ES cells at low density cannot reliably be extrapolated to that at high density. Plating efficiency at high density is greater than at low density (unpublished observations). Thus, the purpose of the low-density plating efficiency measurements was to determine whether there were any gross differences from clone to clone. Although not adjusting for plating efficiency will lead to a slight underestimate of the mutation rates, we feel it is appropriate since the purpose of the study is to compare the relative mutation rates between the different lines rather than the absolute rate in each line.
For Hprt rates, msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cells were plated at clonal density in M15 to obtain single colonies. Eight to ten individual colonies were picked and expanded in M15, and 10 5 cells were plated onto 90-mm-diameter SNL76-7 feeder plates containing M15. At 24 h after plating, 6TG (100 M) was added to the medium, which was changed every 48 h. After 14 days the plates were washed in PBS and stained, and the colonies were counted. Mutation rates were calculated as described above (20) .
(iv) Amplification and sequencing of the HSV-tk1 cassette. Individual G418/ FIAU r colonies were expanded, and genomic DNA was extracted as described earlier (32) . Two oligonucleotide primers (5Ј-GGGGAGGCTGGGAGTT CACA-3Ј and 5Ј-CGTCATAGCGCGGGTTCCTT-3Ј) external to the HSV-tk1 coding region in pMUT were used for PCR amplification (94°C for 3 min followed by 38 cycles of 93°C for 40, 62°C for 1 min, and 72°C for 2 min, followed by 20 min at 72°C). Amplification products were gel purified and cloned into pGEM-T (Promega). Forward and reverse primers, along with six primers internal to HSV-tk1, were used in sequencing reactions to obtain the full sequence of the HSV-tk1 coding region. The internal HSV-tk1 primers were 5Ј-GCGCG ACGATATCGTCTACG-3Ј, 5Ј-GGGGAGGCTGGGAGTTCACA-3Ј, 5Ј-GCA CAGGAGGGCGGCGATGG-3Ј, 5Ј-CAGCTTTCGGGGACGGCCGT-3Ј, and 5Ј-ACGGCCGTCCCCGAAAGCTG-3Ј. Sequence analysis was carried out in an ABI377 automated DNA sequencer (Applied Biosystems).
Microsatellite stability. (i) Vector construction. pCAN is composed of the (CA) 17 stability assay cassette from pRTM2 (10) and the PGKpurobpA puromycin resistance cassette (30) inserted into exon 3 of the mouse Hprt gene fragment in the targeting vector RIV6.0I. To generate pCAN, the pRTM2 and PGKpurobpA cassettes were initially cloned into the pBluescript (Stratagene) polylinker. A NotI-KpnI partial digestion fragment containing both cassettes was then cloned into the NotI-KpnI sites of the modified version of RIV6.0I described above.
(ii)Targeting pCAN to the mouse Hprt locus. pCAN was prepared by alkaline lysis and purified from a CsC1 gradient. NheI was used to cut pCAN within the Hprt homology region in order to generate an insertion targeting vector. First, 10 g of NheI-digested pCAN was electroporated into wild-type, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cells, and then 10 7 cells were plated onto 90-mmdiameter plates containing puromycin-resistant feeders in M15. At 24 h after electroporation, puromycin (Sigma; 3-g/ml working concentration) selection was applied. Five days after electroporation, 6TG selection was started. After 14 days the colonies were picked, expanded, and screened by Southern analysis with an internal probe to obtain clones in which a single copy of pCAN had targeted the Hprt locus as described above for pMUT.
(iii)Fluctuation tests. To determine the mutation rate of the (CA) 17 repeat, individual puromycin-6TG r clones identified by Southern analysis as being targeted at the Hprt locus with a single copy of pCAN were expanded in the presence of puromycin. Individual clones were then trypsinized and plated (2 ϫ 10 6 to 4 ϫ 10 6 cells for wild-type and msh3 Ϫ/Ϫ cells, 1 ϫ 10 5 to 2 ϫ 10 5 cells for msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ cells) onto 90-mm-diameter SNL76/7 feeder plates containing M15. At 24 h after plating, G418 selection was started (360 g of active ingredient per ml). Cells were grown under G418 selection for 12 days. The plates were then washed and stained, and the colonies were counted. Mutation rates were calculated according to the method of Luria and Delbruck (20) .
Mitotic recombination: targeting frequency at the Hprt locus. RIV6.9I and RIV6.9NI are targeting constructs bearing 6.9 kb of homology to the mouse Hprt locus. The homology region in RIV6.9NI was obtained from a BALB/c mouse, while the ES cells used in the study were derived from 129Sv/Ev/Brd mice. The vectors were prepared by alkaline lysis, purified from CsCl gradients, and linearized with SalI outside the region of homology to generate replacement vectors. A total of 10 g of linearized plasmid was then electroporated into wildtype, msh3 Ϫ/Ϫ , msh2 Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cells, and 2.5 ϫ 10 6 cells were plated onto 90-mm-diameter SNL76/7 feeder plates in M15. At 24 h after electroporation, G418 selection was applied. For a subset of plates, 6TG selection was initiated 5 days after electroporation. Drug-containing medium was changed as needed. After 14 days the plates were washed and stained, and the colonies counted. Targeting frequencies were estimated by dividing the average number of G418/6TG r colonies on the plates under double selection by the average number of G418 r colonies on the plates under single selection.
RESULTS
General characterization.
RT-PCR analysis of Msh3 and Msh2 transcripts was carried out in order to confirm the expression of these genes in ES cells and to verify the predicted structures of wild-type and mutant mRNAs from the various ES cell lines generated.
Msh3. A control oligonucleotide primer pair was designed to amplify a 584-bp fragment of the Msh3 cDNA downstream from the predicted insertional mutation (2) in the Msh3 mRNA. An amplification product consistent with the predicted size was obtained from msh3
Ϫ/Ϫ , and msh2,3 Ϫ/Ϫ ES cell lines, confirming the expression of Msh3 in mouse ES cells (Fig. 1B) . A second primer pair was used that flanks the predicted insertion site in the mutant Msh3 mRNA (Fig. 1A) . This primer pair amplified a fragment consistent with the predicted wild-type size (137 bp) from msh2 ES cell lines, confirming the wild-type structure of their Msh3 mRNA. For msh3 Ϫ/Ϫ and msh2,3
Ϫ/Ϫ ES cell lines, however, this primer pair amplified a larger fragment (318 bp) as predicted for the mutant Msh3 mRNA containing the 181-bp insertion (loxP site, polylinker and stop codons) (Fig. 1B) . Southern blotting and hybridiza- ES cell lines as predicted for a mutated Msh2 mRNA produced from the deleted genomic locus (Fig. 1D) . Southern blotting and hybridization by using an Msh2 probe internal to the primer pair used in RT-PCR and specific to sequences outside the deletion confirmed the nature of the amplified products. A probe specific to the deleted portion of the Msh2 mRNA hybridized only to fragments amplified from msh3 Ϫ/Ϫ ES cell lines (data not shown).
Control assays were performed in order to ascertain any possible effects of the Msh3 and Msh2 mutations on the general growth, plating, and transfection characteristics of the various mutant ES cell lines generated. The low-density colony-forming ability of the different cell lines was calculated by plating ES cells onto 90-mm-diameter SNL76/7 feeder plates in M15 and dividing the number of resulting colonies by the number of ES cells plated. The results were as follows: wild type, mean ϭ 40% (range 42 to 37%); msh3 Ϫ/Ϫ mean ϭ 35% (range, 39 to 30%); msh2
, mean ϭ 34% (range, 40 to 27%); and msh2,3 Ϫ/Ϫ , mean ϭ 44% (range, 47 to 42%). ES cell lines carrying single and compound mutations displayed growth rates and transformation efficiencies comparable to those of wild-type ES cells (data not shown).
Msh2-deficient ES cells are resistant to 6TG killing. It has been discovered that the cytotoxic effects of 6TG are mediated by the DMR system in mammalian cells (7, 42, 46) . In order to assess the effects of the Msh3 and Msh2 mutations on 6TG cytotoxicity, a survival curve for wild-type and mutant ES cell lines was determined with a range of 6TG concentrations. msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cell lines are fully resistant to killing by 6TG at concentrations incompatible with the survival of wild-type, ϩ/msh2
Brdm1 , and msh3 Ϫ/Ϫ ES cell lines (Fig. 2) . ϩ/msh2
Brdm1 cells were included in the study to assess whether the mutant Msh2 mRNA with the 453-bp in-frame deletion (2) gave rise to a protein product with dominant-negative effects.
Msh2 deficiency leads to a mutator phenotype. DMR mutations lead to increased spontaneous mutation rates in bacteria and yeast (15) . We assessed the effects of the Msh3 and Msh2 mutations on the mutation rates of two loci: HSV-tk1 and Hprt. The loss of function of these two expression cassettes can be selected in FIAU and 6TG, respectively, allowing for comparisons of their mutation rates in different genetic backgrounds.
In order to control for the chromosomal position and copy number, a single copy of the HSV-tk1 cassette was targeted to the same chromosomal location in all ES cell lines. The HSVtk1 cassette was cloned into an Hprt targeting construct along with the neo cassette for positive selection. Targeting of the HSV-tk1 cassette by using an Hprt insertion targeting construct allows for the selection of independent clones containing single targeted copies of the cassette. Successful targeting by the insertion vector leads to the duplication of the target sequences at the Hprt locus on the X chromosome. Southern analysis with an internal probe was used to screen 6TG-resistant clones for targeted clones in which the endogenous and novel bands were of equal intensity, indicating the integration of a single copy of the vector (Fig. 3) . Targeting a single copy of the vector to each mutant background standardizes the assay conditions for all clones. Moreover, it is necessary to use clones containing only a single copy of the HSV-tk1 cassette, since FIAU-negative selection will be used to assay the mutation rates. To obtain FIAU r clones from cell lines with multiple copies, all HSV-tk1 cassettes would have to be inactivated. This would be an unlikely event. Furthermore, multiple tandem copies of the cassette could lead to marker loss through homologous recombination.
Independent ES clones containing a single copy of the HSVtk1 cassette at the Hprt locus were used in fluctuation assays to measure the mutation rate as described in Materials and Methods. HSV-tk1 mutation rates were unchanged in msh3 Ϫ/Ϫ cells compared to wild-type cells. msh2 Ϫ/Ϫ cells displayed a 48-fold increase in HSV-tk1 mutation rates over wild-type cells.
msh2,3
Ϫ/Ϫ ES cells displayed 337-and 6.8-fold increases in the HSV-tk1 mutation rate compared to wild-type and msh2 Ϫ/Ϫ cells, respectively (Tables 1 and 2 ). To confirm these results with independently generated msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cell lines, fluctuation tests for HSV-tk1 mutation rates were carried out with independent clones in which a single copy of the HSV-tk1 cassette was targeted at the Msh2 locus. These clones were obtained independently as intermediates in the generation of the original msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cell lines. Fluctuation tests with these cell lines revealed a 2.4-fold increase in HSV-tk1 mutation rate in the msh2,3 Ϫ/Ϫ ES cells relative to the msh2 Ϫ/Ϫ cells (Tables 1 and 2 ). To determine the nature of the mutations at the HSV-tk1 locus, the coding region of HSV-tk1 cassettes from FIAU r msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES clones was amplified by PCR, cloned, and sequenced. The results of sequence analysis of six FIAU r clones for each mutant class are summarized in Table 3 . Seventy-five percent of the msh2 Ϫ/Ϫ FIAU r clones and 50% of the msh2,3 Ϫ/Ϫ FIAU r clones analyzed harbored the same frameshift mutation in a stretch of 7 guanines at position 430 of the HSV-tk1 coding region.
Hprt mutation rates were measured from msh2 Ϫ/Ϫ and msh2,3
Ϫ/Ϫ ES cell lines by using fluctuation tests as described in Materials and Methods. Hprt mutation rates in the two independently derived sets of mutant ES cell lines are shown in Tables 1 and 2 (15) . pRTM2 is an expression vector designed to measure the mutation rate of a dinucleotide repeat in mammalian cells (10) . pRTM2 contains a herpes simplex virus thymidine kinase-neomycin resistance (HSV-tk1/neo) fusion construct under the transcriptional control of the cytomegalovirus promoter. A (CA) 17 repeat was inserted in this construct directly upstream of the neo sequences, placing them out of frame with respect to HSV-tk1 sequences. Thus, the fusion protein produced from pRTM2 does not confer resistance to G418 due to the inappropriate translation of the neo sequences in the fusion mRNA. If during the growth of the host cell, however, a change in the size of the repeat occurs so as to place the neo sequences back in frame within the fusion construct, a functional fusion protein will be produced and the host cell will acquire resistance to G418. The pRTM2 assay system can therefore be used to estimate the rates of instability of the (CA) 17 microsatellite in mammalian cell lines of different genetic backgrounds by measuring the number of G418 r colonies obtained. In order to measure the stability of the (CA) 17 microsatellite in the various DMR genetic backgrounds, the pRTM2 assay cassette was introduced into wild-type, msh3
Ϫ/Ϫ , and msh2,3
Ϫ/Ϫ ES cell lines by using an Hprt targeting construct. As mentioned above for pMUT targeting the pRTM2 cassette to the Hprt locus allows for the selection of independent clones Table 4 . msh3 Ϫ/Ϫ ES cells displayed a modest (16-fold) increase in the stability of the pRTM2 repeat, whereas msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cells displayed greatly elevated (1.6 ϫ 10 4 -and 3.3 ϫ 10 4 -fold, respectively) levels of instability of the pRTM2 microsatellite.
Msh2 blocks homologous recombination in mouse ES cells. Loss of DMR in E. coli and S. cerevisiae and humans leads to an increase in the mitotic recombination rates between diverged DNA sequences, also known as homeologous recombination (6, 39, 40) . In order to assess the effects of Msh2 and Msh3 mutations on the recombination rates of substrates derived from different genetic backgrounds, the targeting frequencies of constructs bearing homology to the Hprt locus were measured as described in Materials and Methods. The frequency of Hprt targeting by RIV6.0NI was approximately 5% of that by RIV6.0I in wild-type and msh3 Ϫ/Ϫ ES cells. In msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cells, however, the targeting frequency by RIV6.9NI was elevated to levels comparable (85%) to that of RIV6.9I (Fig. 4) .
DISCUSSION
Msh2 mediates 6TG cytotoxicity in mouse ES cells. Mouse ES cell lines homozygous for a mutation at the Msh2 locus were resistant to the cytotoxic effects of 6TG relative to wildtype and msh3 Ϫ/Ϫ ES cells (Fig. 2) . The result shows that Msh2 is responsible for 6TG-mediated killing. DMR is known to be involved in mediating killing of mammalian cells by 6TG and several other drugs (11) . Human MutSalpha binds to DNA containing methylated 6TG (46) , and human MSH2 expression has been shown to correlate with the degree of resistance to methylating agents (7) .
Upon modification by the HPRT enzyme, 6TG is incorporated into DNA during replication and subsequently methylated (42) . DNA polymerase misincorporates thymidine across from this methylated 6TG, leading to the formation of a me 6TG/T mismatch. DMR-mediated killing of wild-type cells is then thought to occur through one of two processes: (i) "runaway repair", or sequential rounds of excision, resynthesis, and misincorporation leading to the formation of a double-strand break upon replication, or (ii) the formation of a double-strand break due to the excision of opposite strands from adjacent mismatches.
Resistance to cytotoxic agents such as 6TG by Msh2-deficient cells may be clinically important. A large proportion of transplant patients are treated with the immunosuppressant drug azathioprine, which is converted in vivo to thioguanine nucleotides (19) . It has been proposed (42) that 6TG may be incorporated into the DNA of azathioprine-treated patients and result in the selection of DMR-deficient cells. The survival of Msh2-deficient cells after azathioprine treatment may be responsible for the increased incidence of cancer in long-term organ transplant survivors (3).
As mentioned above, ϩ/msh2 Brdm1 cells were included in the study to assess whether the mutant Msh2 mRNA with the 453-bp in-frame deletion (2) gave rise to a protein product with dominant-negative effects. ϩ/msh2
Brdm1 cells displayed sensitivity to 6TG indistinguishable from that of wild-type cells, indicating the absence of dominant-negative effects and the recessive nature of the msh2 Brdm1 mutation. The lack of an effect of the Msh3 mutation on 6TG sensitivity supports the model in which MutSalpha, the MSH2-MSH6 heterodimer, repairs single base mismatches during DMR.
Msh2 deficiency leads to mutator phenotype. The rate of mutation at the HSV-tk1 locus was not affected in msh3 Ϫ/Ϫ ES cells relative to wild-type ES cells. msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ ES cells, however, displayed an elevated HSV-tk1 mutation rate. For ES cell clones in which the HSV-tk1 cassette was targeted to the Hprt locus, there was a significant difference in the rate of HSV-tk1 mutation between msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ cells. In independently derived clones carrying a single copy of the HSV-tk1 cassette at the Msh2 locus, however, the difference in HSV-tk1 mutation rates between msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ cells was not significant (0.1 Ͻ P Ͻ 0.2). The Hprt mutation rate of (Tables 1 and 2) .
Msh2 deficiency led to the instability of a mononucleotide run in the HSV-tk1 gene. The sequence analysis of mutant HSV-tk1 cassettes from independently arisen FIAU r clones revealed the presence of a frameshift mutation hotspot in the HSV-tk1 coding region. A total of 66% of the sequenced clones had a frameshift mutation (12.5%, ϩ 1; 87.5%, Ϫ1) at a single stretch of seven guanines in the HSV-tk1 coding region (Table 3) . Comparison of the HSV-tk1 and Hprt mutations rates within individual Msh2-deficient ES cell lines shows that HSV-tk1 mutates, on average, at an 11-fold-higher rate than Hprt in the same genetic background. Interestingly, the mouse Hprt coding region contains a stretch of six guanines which has been shown to be a frameshift hotspot (35% of mutations) in transfection studies in human DMR-deficient cells (4) . It is possible that the difference in HSV-tk1 and Hprt mutation rates is due to the larger size of the mononucleotide stretch in the former (seven guanines in HSV-tk1 versus six guanines in Hprt). Notably the HSV-tk1 coding sequence also contains a mononucleotide stretch of six cytosines which was not found mutated in any of the cassettes sequenced. It will be interesting to determine the correlation between the length and mutation rate of a mononucleotide repeat in mammalian cells.
Such frameshift hotspots have been discovered for other genes in a DMR-deficient background (14, 21, 33) and have been proposed to play an important role in the etiology of tumorigenesis in a DMR-deficient background. The model proposes that tumor suppressors and other genes containing such frameshift hotspots would become primary targets for mutagenesis once a cell had lost a functional DMR system. Examples of such genes include Apc (14) , transforming growth factor beta type II receptor (TGF␤-IIR), and Bax (33). Although many genes containing such frameshift hotspots are likely to be mutated in an Msh2-deficient cell, it will be important to determine which mutations are directly involved in tumor progression. In the case of human TGF␤-IIR, there is a high rate of mutation of a mononucleotide run of 10 adenines in the coding region (27) . Furthermore, restoration of TGF␤-IIR activity in DMR-deficient colon carcinoma cells leads to reversion of their malignancy (45) , suggesting that TGF␤-IIR mutations contribute to the malignant phenotype. Notably, Msh2-deficient mice develop intestinal carcinomas (35), despite the fact that the longest mononucleotide run in the mouse TGF␤-IIR coding region is just five bases long (17) .
Instability of a dinucleotide repeat in msh3 ؊/؊ and msh2
ES cells. The stability of a dinucleotide microsatellite was measured in the different genetic backgrounds generated. Microsatellite instability is a hallmark of DMR deficiency in bacteria, yeasts, and humans (15) . DMR mutants are unable to repair the mismatches and heterologies that arise, most likely through DNA polymerase slippage, during the replication of these repeats, leading to the enlargement or shortening of the overall repeat size upon subsequent replication.
As mentioned above, a simple repeat sequence in the HSVtk1 gene was found to be mutated in a high percentage of the FIAU r msh2 Ϫ/Ϫ and msh2,3 Ϫ/Ϫ clones sequenced. It has been proposed that the instability of simple repeats within the coding regions of tumor suppressors and oncogenes plays an important role in tumor progression in a DMR-deficient background.
In S. cerevisiae, mutations in Msh3 and Msh6 lead to mild microsatellite instability that varies with the size of the repeat unit. msh3 msh6 strains display a microsatellite instability phenotype indistinguishable from the msh2 strains, supporting the (44) .
To measure the stability of a dinucleotide repeat in different genetic backgrounds, we used the pRTM2 assay system described previously (10) . pRTM2 allows for the selection of ES cell clones in which a (CA) 17 repeat has changed in size, resulting in the in-frame translation of the selectable marker for neomycin resistance. In order to control for the chromosomal location and copy number of the pRTM2 assay system, we used a targeting construct as a vehicle to introduce a single copy of the pRTM2 cassette into the Hprt locus. The rate of conversion to G418 resistance was elevated 16- ES cell lines displayed an increase in the rate of reversion 3 orders of magnitude larger than that of msh3 Ϫ/Ϫ cells (Table  4) . These results are consistent with the yeast data in that the microsatellite instability effect of the MSH3 mutation is modest relative to that of the MSH2 mutation.
Interestingly, the mutation rate of the pRTM2 cassette in wild-type mouse ES cells is 800-fold lower than the published pRTM2 mutation rate in immortalized mouse CAK fibroblast cells (10) , which are nontumorigenic and do not display a mutator phenotype. As discussed in Materials and Methods, we did not adjust our mutation rates for the plating efficiency of each cell line because low-density plating efficiencies in ES cells cannot be reliably extrapolated to the high-density platings used in our fluctuation experiments. Plating efficiencies of ES cells at high density are greater than those of low density (unpublished observations). Although this will result in a slight underestimate of mutation rates, it is not sufficient to explain the very large difference observed here.
It is possible that the lower mutation rate of the pRTM2 repeat in mouse ES cells is due to increased activity of the DMR system relative to that in fibroblasts. Alternatively, it is possible that CAK fibroblasts have other mutations which affect the mutation rate of the pRTM2 cassette.
Msh2 blocks homeologous recombination in mouse ES cells. DMR acts as a block to homeologous recombination in E. coli, S. cerevisiae, and humans (6, 29, 34, 39, 40) . DMR mutants are presumably unable to recognize and bind mismatches and other heterologies that arise in heteroduplex intermediates of recombination. In E. coli, mutS mutants display elevated levels of large duplications derived from the recombination between tandem diverged copies of genes (29) . In mammals, a similar effect of DMR loss has the potential to induce increased recombination rates between homeologous sequences interspersed throughout the genome. Such recombination events could lead to chromosomal translocations, deletion, or inversions with deleterious consequences in the adult or during development. Hematological malignancies often arise through chromosomal rearrangements (8) . Interestingly, Msh2-deficient mice display high incidence of lymphoma (36) , suggesting that the loss of a block to homeologous recombination may contribute to tumor formation through increased rates of chromosomal rearrangements.
In contrast to their roles in mismatch repair, S. cerevisiae MSH2 and MSH3 appear to act independently in parallel pathways to block homeologous recombination between repeated chromosomal sequences (39, 40) . We assessed homologous recombination rates in the different ES cell lines by measuring the targeting frequencies with Hprt vectors derived from different genetic backgrounds. ES cell lines carrying a homozygous Msh2 mutation showed increased targeting frequencies with nonisogenic Hprt constructs, to a level comparable to that of isogenic vectors. msh3 Ϫ/Ϫ ES cells displayed no increase in the targeting frequency of these nonisogenic Hprt constructs (Fig. 4) . Our results differ from those obtained in S. cerevisiae, in which MSH2 and MSH3 act independently in parallel pathways to block homeologous recombination (39, 40) . This may be explained, however, by the relatively high degree (70%) of divergence between the DNA sequences used in the yeast study. We have limited data to suggest that our Hprt targeting constructs are not as diverged as the tested yeast sequences. The yeast results suggest that MSH3 acts independently of MSH2 during homeologous recombination blockage, perhaps by dimerizing with itself or some other mutS homologue. If its role during this process is also to recognize larger I/D heterologies, the fact that Msh3 does not block homeologous recombination with our nonisogenic Hprt vectors may reflect the absence of multiple base I/D heterologies in the intermediates of recombination with the chromosomal target sequences.
